OBJECTIVES: This case series illustrates the feasibility of single-stage image-guided video-assisted thoracoscopic surgery for simultaneous localization and removal of small solitary pulmonary nodules (SPNs). The procedure was performed in a hybrid operating room using C-arm cone-beam computed tomography equipped with a laser-guided navigation system.
INTRODUCTION
Low-dose computed tomography has clinical value for lung cancer screening (detection rate 3%), ultimately reducing diseasespecific and overall mortality in high-risk individuals [1, 2] . Approximately 25% of subjects undergoing screening procedures are diagnosed with a solitary pulmonary nodule (SPN). Upon identification of an SPN, the subsequent clinical management should be based on the likelihood of the lesion to be malignant. Specifically, the nodules that harbour cancerous potential should undergo either biopsy or surgical removal [3] .
Video-assisted thoracoscopic surgery (VATS) is increasingly being utilized for lung tumour resection due to more favourable perioperative outcomes and similar survival compared with open surgery [4] [5] [6] . However, its use for treating low-dose computed tomography (CT)-detected SPNs remains challenging. Such nodules are frequently thoracoscopically undetectable and not palpable through VATS. In this scenario, the availability of accurate and reliable localization techniques is paramount for allowing lung lesion removal via VATS. In general, small lung nodules are initially localized by CT in a radiology suite followed by their surgical removal in an operating room (OR) [7] . Unfortunately, this 2-step approach still carries substantial risks (e.g. pneumothorax, haemothorax and/or wire dislodgement) that represent a major obstacle to its implementation in the surgical practice [8, 9] . Theoretically, such issues may be circumvented through a singlestage localization and VATS performed within a hybrid OR equipped with a suitable localization system.
In this case series, we report our initial experience concerning the use of image-guided video-assisted thoracoscopic surgery (iVATS) for simultaneous localization and removal of SPNs in a †The first two authors contributed equally to this work. hybrid OR using C-arm cone-beam computed tomography (CBCT) equipped with a laser-guided navigation system.
METHODS

Ethical approval
The study protocol was approved by the Institutional Review Board of the Chang Gung Memorial Hospital (CGMH-IRB 201600671A3). Written informed consent was obtained from all participants.
Computed tomography indications for nodule localization
The following preoperative CT findings were considered as indications for SPN localization before VATS: (i) maximum diameter of the SPN of < _10 mm, (ii) minimum distance between the visceral pleura and the superior border of the SPN of > _10 mm or (iii) the presence of a low-density semisolid or ground-glass nodule.
Image-guided video-assisted thoracoscopic surgery workflow Figure 1 summarizes the workflow for the use of iVATS. Before surgery, optimal patient positioning was determined via a thorough assessment of CT images. After induction of general anaesthesia and insertion of a double-lumen tube, both the patient's chest and the CBCT C-arm (ARTIS zeego; Siemens Healthcare GmbH, Erlangen, Germany) were wrapped in sterile covers. Under end-inspiratory breath hold, an initial scan for surgical planning was obtained with a 6-s acquisition protocol (6-s DynaCT body). The access path was laid out in the isotropic data set using the syngo Needle Guidance of a syngo X-Workplace (Siemens Healthcare GmbH; Fig. 2A ). The needle path was initially defined by marking the entry and the target point of the needle and subsequently projected with a laser beam on the skin of the patient. Under end-inspiratory breath hold, an 18-gauge marker needle was introduced into the thorax under 3D, lasersupported, fluoroscopic guidance. A laser-targeting cross was projected onto the patient's surface to visualize the needle entry point and angulation (Fig. 2B) . Subsequently, the planned, virtual needle path was projected onto the live fluoroscopic image with the goal of correcting both needle orientation and positioning. The needle was subsequently introduced using a fluoroscopic 'bull's eye' approach until the tip was inside the projected target. Upon reaching the lesion, a localization wire (DuaLok V R ; Bard Peripheral Vascular, Inc., Tempe, AZ, USA) was placed to localize the tumour. In case of superficial lesions, patent blue vital dye (0.3-0.5 ml, patent blue V 2.5%; Guerbet, Aulnay-sous-Bois, France) was injected to delineate the lesion (Fig. 2B) . The accuracy of the needle path was verified by CBCT scans both throughout the procedure and upon its completion (Fig. 2C) . A VATS wedge resection was carried out either under hook wire or dye guidance (Fig. 2D) ; the resected lung lesion was submitted to frozen section. If the diagnosis of primary lung cancer was confirmed but the distance of parenchymal resection margin was either < _2 cm or less than the tumour size, we performed an additional anatomical pulmonary resection (either segmentectomy or lobectomy). Systemic lymph node dissection was also conducted in patients who received an intraoperative frozensection diagnosis of malignancy or precancerous lesions.
Radiation exposure
The total skin dose (SD, expressed in mGy) was used as a measure of radiation exposure, with the goal of estimating the deterministic effects [10] . Although the peak skin dose (PSD) is considered the optimal parameter for establishing the extent of skin damage, its real-time determination is currently unfeasible [11] . The overall PSD-defined as the highest dose delivered to any portion of the patient's skin throughout the procedure-is determined by both the primary X-ray beam and the scatter radiation. The total SD generally overestimates PSD, because beam motion, patient position, patient size, field overlap and backscatter radiation during the procedure are not taken into account. Nonetheless, the total SD is considered as a real-time proxy for PSD. All of the exposure data were collected from the 'Exam Protocol' of the ARTIS zeego instrument, which is an excerpt of the structured report on the X-ray radiation dose.
Data collection and statistical analysis
Clinical charts were retrospectively reviewed, and the following data were collected: demographic characteristics, results of CBCT localization, anaesthesia variables, operative findings and complications. Both effective doses and peak absorbed doses were retrospectively calculated using data stored in the ARTIS zeego workstation.
Descriptive statistics are summarized as medians [interquartile ranges (IQRs)] for continuous data and counts (percentages) for categorical variables. The global operation time was defined as the time spent by the patient in the OR. The localization time was calculated from the time of patient positioning and C-arm docking to the end of the localization procedure. All analyses were performed with the Statistical Package for the Social Sciences (SPSS), version 20 (IBM, Armonk, NY, USA).
RESULTS
The general characteristics of the 12 patients included in the case series are presented in Table 1 . According to the preoperative CT findings, 8 (66%) SPNs were classified as solid lesions, whereas 4 (33%) SPNs were pure ground-glass nodules. The median size of SPNs on preoperative CT images was 5.5 mm (IQR 3-20 mm), whereas their median distance from the pleural surface was 11.7 mm (IQR 6-11.3 mm). The median tumour depth-to-size ratio was 1.98 (IQR 1.65-3.06). Table 2 summarizes the details of the lesion localization procedure. Seven (58.3%) patients were placed in the lateral decubitus position, whereas the remaining 5 (41.7%) patients were either supine or prone during lesion localization. All of the SPNs were visible on intraoperative CBCT images. The median length of the access path was 58 mm (IQR 44-68 mm). Localization was performed either by hook wire (n = 5; 41.7%) or dye (n = 7; 58.3%), being successful in a total of 10 patients. The median total localization time was 45.5 min (IQR 36-60 min). The median radiation exposure (expressed by the skin absorbed dose) was 223.2 mGy (IQR 180.3-321.3 mGy). Lesion localization was unsuccessful in 2 cases due to the development of a massive pneumothorax induced by needle puncture. In such cases, a small utility thoracotomy was created for exploration. The neoplasm was identified under the guidance of a puncture hole on the lung surface and confirmed by digital palpation through the utility thoracotomy wound. All of the lesions were removed through a sublobar resection. The final pathological diagnoses were as follows: primary lung cancer (n = 4, including 1 patient diagnosed with an adenocarcinoma in situ), lung metastases (n = 3) and benign lung lesions (n = 5). The latter group included granulomatous inflammation (n = 2), focal fibrosis (n = 1) and the presence of an intrapulmonary lymph node (n = 2). Resection margins were clear in all of the study participants. One patient (Patient 2) underwent an additional anatomical segmentectomy due to a short parenchymal resection margin distance. All patients were successfully discharged from the hospital (median length of stay 4 days, IQR 3.8-4 days).
DISCUSSION
The current case series demonstrates the feasibility of iVATS for single-stage localization and removal of SPNs. The proposed technique allowed the provision of a more patient-centred surgery compared with the traditional operative workflow (based on preoperative CT-guided lesion localization followed by its surgical removal). Comparatively, the main inherent advantages of iVATS are as follows: (i) reduced patient risk with no need of relocation (which in turn minimizes the risk of wire dislodgement and allows a timely detection and management of intraprocedural complications), (ii) low physical discomfort and emotional stress (due to the use of general anaesthesia during lesion localization) and (iii) improved surgical workflow with no need of coordination between the CT room and the OR. However, the single-stage approach still poses significant challenges that merit consideration. While this technique was being developed, the selection of the optimal patient positioning for tumour localization was found to be the most demanding part of the procedure. In this regard, an accurate needle path planning requires the simultaneous visualization of both the target site and the skin entry point under the CBCT field of visualization; although the achievement of this condition is essential, unfortunately it is not invariably feasible. As shown in Video 1, a collision between the rotating C-arm and the surgical table may occur when the operating surgeons are trying to engage both sites into the CBCT field of visualization; this concrete risk is especially evident when patients with a large chest cavity are placed in the lateral decubitus position. If this is the case, the patient needs to be placed in the supine/prone position for lesion localization and subsequently relocated in the lateral decubitus position for surgery (ultimately prolonging the overall localization time); alternatively, the CBCT image acquisition protocol should be modified to enlarge the field of visualization (ultimately causing an increased radiation exposure). Figure 3 depicts the protocol we currently use to establish the optimal patient positioning under the standard 6-s DynaCT protocol. A step-by-step depiction of the procedure is provided in Video 2. Hopefully, an optimized preoperative planning will lead in the next future to a further reduction of the procedural time.
In our study, the median total SD was 223.2 mGy (IQR 180.3-321.3 mGy), which is similar to that reported for a conventional CT-guided biopsy procedure (median 281 mGy; range 133-982 mGy) [12] . Albeit being below the minimum radiation dose at which a deterministic effect can occur (2000 mGy), such figures remain suboptimal [13] . A potential strategy to decrease radiation exposure is to reduce the number of scans per procedure. The traditional CT-guided biopsy protocol used for our earlier cases was based on the routine acquisition of at least 3 CT images (before, during and after the procedure) to ensure a reliable and accurate lesion localization. However, the intraprocedural CBCT was subsequently omitted for the following reasons. First, the syngo Needle Guidance software was found to be highly accurate for needle path planning. This system projects the laser-targeting cross onto the patient's surface, providing a precise indication for the needle entry point and angulation. Furthermore, the needle path and the target region can be visualized in real time within the fluoroscopic image, allowing both needle orientation and positioning to be immediately adjusted. Second, the acquisition of a CBCT scan while the needle is inserted increases the risk of pneumothorax, especially when performed under positive pressure ventilation. Notably, lesion localization failed in 2 patients described in this series because of a large pneumothorax. With regard to the post-procedural CBCT, we suggest the acquisition to be performed through a low-dose protocol (e.g. 5 s Digital Radiology (DR), which may allow a 60% dose reduction compared with the 6-s DynaCT protocol) [14] .
CONCLUSIONS
In conclusion, the results of our case series suggest the feasibility of iVATS that can be successfully used for single-stage identification and removal of small SPNs. Although the procedural time was acceptable, future efforts should be tailored to decrease localization time and minimize radiation exposure. In addition, future comparative studies will be needed to establish whether the technique described in this study is more cost-effective than the traditional CT-guided localization.
Video 2: Rapid decision protocol for patient positioning during image-guided video-assisted thoracoscopic surgery. First step: Rotate the supine computed tomography image to the lateral position, so that the lesion site is located at the highest distance possible from the surgical table pads. On the image, mark the lesion site (L) and the desired needle entry point on the skin (S). Second step: The lowest coordinate (i.e. L in this specific case) is selected, and a perpendicular line is drawn from L to the surgical table pads. The point when the dotted green line crosses the matrix is labelled as M. Third step: Draw a line from M to S and label the measured distance as H. In the event of the H value being lower than (32-C), the patient may be placed in the lateral decubitus position. If this is not the case, the patient should be placed either in the supine or in the prone position to avoid a collision with the C-arm or switch to a large volume protocol. C indicates the height of the surgical table pads. Step-by-step instructions are reported in Video 2. H: line between M and S; L: lesion site; M: intersection point, where a downward perpendicular line starting from the lesion crosses the chest wall; S: skin entry point.
Video 1: An accurate needle path planning requires the simultaneous visualization of both the target site and the skin entry point under the C-arm conebeam computed tomography (CBCT) field of visualization (FOV); although the achievement of this condition is essential, unfortunately it is not invariably feasible. In this regard, a collision between the rotating C-arm and the surgical table may occur when the operating surgeons are trying to engage both sites into the CBCT FOV; this concrete risk is especially evident when patients with a large chest cavity are placed in the lateral decubitus position.
